ABSTRACT-The effect of muscimol on N-methyl-D-aspartate (NMDA)-induced injury of primary cultured cerebral cortical neurons was examined. NMDA induced a dose-dependent leakage of LDH activ ity, which was significantly inhibited by (±)-5-methyl-10,11-dihydro-5H-dibenzo- [a,d]cyclopentan-5,10-imine (MK-801). Muscimol significantly reduced the NMDA-induced increase of lactic dehydrogenase (LDH) leakage, and bicuculline abolished this protective effect of muscimol. Similarly, muscimol reduced the NMDA-induced increase in trypan blue staining of the cells, and bicuculline suppressed this inhibitory ac tion of muscimol. These results suggest that GABAA-receptor stimulation exerts a protective action against the neuronal injury induced by NMDA-receptor activation.
The N-methyl-D-aspartate (NMDA) receptor, a sub type of glutamate receptors, has been supposed to par ticipate in the neuronal cell damage observed in central nervous system disorders such as Huntington's disease, epilepsy, parkinsonism, ischemia and trauma (1 -4) . The excessive accumulation of Ca" in neuronal cells induced by over-activation of NMDA receptors under the patho logical conditions results in the neuronal injury (1, 2) . On the other hand, an inhibitory receptor, GABAA receptor, has been reported to negatively regulate excitatory func tions of NMDA receptors (5 7) . This suggests that GABAA-receptor stimulation may suppress the excitatory actions of NMDA receptors, especially NMDA-induced neuronal toxicity. In the present study, we examined the effect of GABAA-receptor activation on NMDA-induced neuronal injury by measuring the leakage of lactic de hydrogenase (LDH) activity from primary cultured mouse cerebral cortical neurons and the staining of the neurons with trypan blue dye.
Cell isolation and primary culture were carried out by the previously reported procedures (8) . In brief, the neo pallium free of meninges dissected from 15-day-old fetuses of ddY strain mice were minced, trypsinized and centrifuged. Collected cells were incubated in Dulbecco's modified Eagle medium (DMEM) supplemented with 15% fetal calf serum at 371C for 3 days in humidified 95% air 5 °1o C02, followed by the exposure to 10 uM cytosine arabinoside for 24 hr to suppress the proliferation of non neuronal cells. Neurons were then cultured in DMEM con taining 10% horse serum under the culture conditions described above until they were used for the experiments. The culture medium was exchanged every 4 days. All neu rons used in the experiments were from 13-day-old cell cul tures.
For measuring the leakage of LDH activity from neu rons, the neurons were exposed to NMDA by the previous ly reported method (9) with a minor modification. Neu rons were washed 3 times with ice-cold, Mg2+-free Krebs Ringer bicarbonate buffer (KRB: pH 7.4) and then pre incubated with Mg2+-free KRB at 37 C for 10 min. There after, the neurons were incubated with NMDA and other agents for 15 min. Following this incubation, the incuba tion medium was discarded, and the neurons were subse quently rinsed with ice-cold KRB. Fresh KRB (371C) was added and further incubation was carried out. After the incubation for 60 min, the incubation medium from each culture was removed and pooled, and the neurons were scraped off with ice-cold sodium-potassium phosphate buffer (0.1 M, pH 7.4), homogenized and centrifuged (100,000 x g, 41C, 60 min). The LDH activity of the resultant supernatant prepared from the neurons and that of the pooled incubation medium were measured by the method of Cabaud and Wrobrewski (10) . The leakage of LDH activity from the cells to the incubation medium was expressed as the percent of total LDH activity (in tracellular LDH activity plus LDH activity determined in the incubation medium). In the present study, we checked the leakage of LDH activity 1 hr after the treatment with agents including NMDA, because it has been confirmed that glutamate and NMDA-induced neuronal injury oc curs after 30-75 min of the treatment with these agents (11) (12) (13) .
Neurons were stained with trypan blue to examine the neuronal injury after the treatment with NMDA. The procedure to incubate neurons with NMDA and other agents was the same as that to examine the leakage of LDH activity. After the final incubation with KRB without any agents for 60 min, the neurons were further incubated with trypan blue dye (final concentration of 0.17o) at 371C for 2 min and then washed 3 times with ice cold KRB. Then the neurons were directly observed under a phase-contrast microscope (Nikon Diaphoto-TMD; Nikon Co., Tokyo) following the addition of fresh KRB into a culture dish. When neurons were exposed to various concentrations of NMDA, the leakage of LDH activity into the incuba tion medium increased with increasing NMDA concen tration (Fig. 1) . This increase of leaked LDH activity was significantly inhibited by MK-801, a non-competitive antagonist for NMDA receptors, while MK-801 alone showed no alteration in the leakage of LDH activity (Fig.  1) . These data indicate that the cerebral cortical neurons used in this study are susceptible to the neurotoxicity in duced by NMDA as previously reported (14, 15) . In the cases of the control and the group treated with MK-801 alone, LDH leakage was also observed (Figs. 1 and 2 ). This leakage may be due to the effect of endogenous gluta mate, because the neurons used in this study possess gluta mate, and this glutamate released from cells may, in turn, activate other subtypes of glutamate receptors other than NMDA receptors to induce neuronal injury. Indeed, glutamate receptor subtypes other than NMDA receptors have also been reported to be involved in neuronal toxic ity (16) . However, the exact reason for such LDH leakage is not clear at present.
The simultaneous exposure to 10 pM NMDA and 100 pM muscimol, an agonist selective for GABAA receptors, significantly suppressed the NMDA-induced increase of the leakage of LDH activity, although muscimol at 30 pM showed a tendency to reduce the NMDA-induced leakage of LDH activity (Fig. 2) . Muscimol (100 pM) alone in duced no alteration in the leakage of LDH activity (data not shown). This suppressive effect of muscimol on the NMDA-induced leakage of LDH activity was significant ly inhibited in the presence of bicuculline, an antagonist for GABAA receptors (Fig. 2) . These results seem to lead to the conclusion that the protective effect of muscimol against NMDA-induced neuronal damage is mediated via GABAA-receptor stimulation by muscimol itself. In a previous report (16) , GABA showed enhancement of NMDA-induced neuronal injury in a primary culture of rat cerebral cortical neurons, which is opposite to the data reported here. This difference in the effect of GABAA receptor stimulation on NMDA-induced neuronal death may be attributed to the differences in the species of animals from which neurons have been separated and/or in the duration from the point of drug addition through that of the measurement of leaked LDH activity, although the exact reason is unclear.
The protective action of muscimol against NMDA-in duced neuronal injury was also confirmed by the decrease in the trypan blue staining of neurons. Figure 3 shows the staining of neurons with trypan blue dye after the ex posure to NMDA. Ten micromolar NMDA clearly in creased the number of cells stained by trypan blue dye (Fig. 3B) . This NMDA-induced increase in the staining of cells with the dye was reduced when the neurons were incu bated with muscimol ( Fig. 3C) and MK-801 (data not shown). On the other hand, the inhibitory effect of mus cimol on the NMDA-induced increase in trypan blue stain ing of cells was abolished by the concomitant incubation with bicuculline (Fig. 3D) . In ischemic brain injury, neuronal death has been proposed to be caused by glutamate excessively released into the extracellular space (17) . Under such conditions, GABAergic agonists have been reported to be ineffective for protecting against neuronal death in hippocampal CAI cells (18) . In contrast, Lyden and Hedges (19) have reported that muscimol as well as MK-801 protected against cell death during cerebral ischemia in rats and rabbits. The present study has also demonstrated that muscimol significantly suppresses the NMDA-induced neuronal injury using a primary culture of mouse cerebral cortical neurons. Such differences in the effectiveness of GABAergic agonists on neuronal injury may be due to differences in the experimental models used in each study and/or differences in neuronal cell types, although the reason for these differences is not clear at present.
As demonstrated above, GABAA-receptor activation is involved in the suppression of the NMDA-produced in jury of cerebral cortical neurons in primary culture. Sev eral mechanisms for the protective action of muscimol against the NMDA-induced neurotoxicity can be consi dered. First, the activation of GABAA receptors produces the hyperpolarization of neuronal membrane, which may counteract the hyperexcitation of neurons induced by NMDA-receptor activation. Namely, the hyperpolariza tion of neuronal membrane by muscimol may depress the NMDA-induced influx of calcium ion that is supposed to be the primary cause of neuronal injury induced by gluta mate and/or NMDA. Secondly, unknown intracellular biochemical processes induced by NMDA-receptor activa tion may also be affected by GABAA-receptor stimula tion. The exact mechanism for the protective action produced by GABAA-receptor activation on the NMDA induced neuronal toxicity, however, remains to be eluci dated.
In conclusion, the present study has confirmed that muscimol, a GABAA-receptor agonist, suppresses neuro nal injury induced by NMDA, and this inhibitory action of muscimol is abolished by bicuculline, an antago nist selective for GABAA receptors. These data indicate that muscimol displays a protective effect against NMDA induced neuronal injury through GABAA-receptor activa tion. Although the exact mechanisms for the protective action of muscimol are not clear at present, the possible usefulness of GABAA-receptor agonists to protect against glutamate and/or NMDA-induced neuronal injury should be emphasized.
